Leukocytes use the cell-surface mucin P-selectin glycoprotein ligand-1 (PSGL-1) to tether to and roll on Pselectin on activated endothelial cells and platelets. By using surface plasmon resonance, we measured the affinity and kinetics of binding of soluble monomeric human P-selectin to immobilized PSGL-1 from human neutrophils. Binding was specific, as documented by its Ca 2؉ -dependence, its inhibition by specific monoclonal antibodies to P-selectin and PSGL-1, and its abrogation by treating PSGL-1 with sialidase. Similar binding was observed for soluble P-selectin that contained the lectin and epidermal growth factor domains plus all nine consensus repeats, and for a soluble construct that contained only the lectin and epidermal growth factor domains. Soluble P-selectin bound saturably to a single class of sites on PSGL-1 with a dissociation constant (K d ) of 320 ؎ 20 nM. The measured k off was 1.4 ؎ 0.1 s ؊1 , and the calculated k on was 4.4 ؋ 10 6 M ؊1 s ؊1 . We conclude that monomeric P-selectin binds to PSGL-1 with fast association and dissociation rates and relatively high affinity. These features may be important for efficient tethering and rolling of leukocytes at physiologic densities of PSGL-1 and P-selectin.
M
؊1 s ؊1 . We conclude that monomeric P-selectin binds to PSGL-1 with fast association and dissociation rates and relatively high affinity. These features may be important for efficient tethering and rolling of leukocytes at physiologic densities of PSGL-1 and P-selectin.
Leukocyte trafficking into lymphoid tissues or into sites of infection or injury is a multistep process that involves several classes of adhesion molecules (1) . Binding of selectins to cellsurface glycoconjugates mediates the initial tethering and rolling adhesion of leukocytes on endothelial cells, platelets, or other leukocytes under the shear stresses in the microcirculation (2, 3) . Most leukocytes express L-selectin, whereas activated endothelial cells and/or platelets express P-and E-selectin. Each selectin has an N-terminal C-type lectin domain, followed by an epidermal growth factor (EGF) 1 -like domain, a series of short consensus repeats, a transmembrane domain, and a cytoplasmic tail.
Selectins are postulated to mediate leukocyte tethering and rolling because they bind their ligands with very fast association and dissociation rates and high tensile strength (4, 5) . Consistent with this hypothesis, flowing leukocytes form transient tethers on very low densities of immobilized selectins, suggesting the presence of fast dissociation rates for selectinligand bonds. The unstressed cellular k off has been estimated to be 1 s Ϫ1 for P-selectin, 0.7 s Ϫ1 for E-selectin, and 7 s Ϫ1 for L-selectin (5, 6) . First-order dissociation kinetics suggest that each transient tether represents a quantal unit that corresponds to a single selectin-ligand bond, although the data do not exclude the possibility that a tether represents a small number of bonds (5, 6) . Furthermore, the cellular experiments do not yield the association rates or the equilibrium affinities of selectin-ligand interactions. Therefore, biochemical measurements of the kinetics and affinity of binding of selectins to biologically relevant ligands are needed to extend the results of cellular assays.
The selectins bind with low affinity to several sialylated, fucosylated, and sulfated glycans, including sialyl Lewis x (sLe x , NeuAc␣2,3Gal␤1,4[Fuc␣1,3]GlcNAc␤1-R), a terminal component of oligosaccharides on many glycoproteins and glycolipids on leukocytes and endothelial cells (7) . However, a striking feature of selectins is their preferential binding to only a few appropriately modified glycoproteins, most of which are sialomucins (7, 8) .
The best characterized glycoprotein ligand for L-selectin is GlyCAM-1, a mucin secreted from high endothelial venules of peripheral lymph nodes (9) . Because it is secreted, GlyCAM-1 may function primarily to transduce signals into leukocytes rather than to support leukocyte adhesion (10, 11) . To bind L-selectin, GlyCAM-1 must be modified with branched core-2 O-glycans that are sialylated, fucosylated, and sulfated (12) (13) (14) (15) . Experiments using surface plasmon resonance indicate that perfused soluble, monomeric L-selectin binds to immobilized GlyCAM-1 with very low affinity and very fast association and dissociation rates (16) . The measured equilibrium dissociation constant (K d ) is 108 M, and the measured dissociation rate constant (k off ) is Ն10 s Ϫ1 , with a calculated association rate constant (k on ) of Ն10
Ϫ1 s Ϫ1 . The rapid k off is consistent with the very short lifetimes of cellular tethers mediated through L-selectin (6) . Interestingly, surface plasmon resonance measurements indicate that the immunoglobulin-like adhesion molecules CD2 and CD48 also interact with fast kinetics and very low affinity (K d ϭ 90 M) (17) . Such results have led to the hypothesis that low affinity binding is a general feature of cell adhesion receptors (18) .
PSGL-1 is a disulfide-bonded homodimeric sialomucin on leukocytes that binds to all three selectins (reviewed in Ref. 19 ). P-selectin binds to an N-terminal region of human PSGL-1 that requires both sulfated tyrosine residues and a sialylated, fucosylated core-2 O-glycan attached to a specific threonine (20 -24) . A mAb to the N-terminal region of PSGL-1 blocks tethering and rolling of leukocytes on P-selectin under flow, establishing the importance of this mucin for leukocyte adhesion (25) . Although PSGL-1 carries only a small fraction of the total sLe x on leukocytes, it is the dominant glycoprotein ligand for P-selectin (26, 27) . 125 I-Labeled, soluble monomeric P-selectin binds to Ϸ25,000 sites on human neutrophils with an apparent K d of Ϸ70 nM (28) . The binding sites all correspond to PSGL-1 molecules (25) . This result suggests that P-selectin binds to PSGL-1 with much higher affinity than L-selectin binds to GlyCAM-1 and further implies that low affinity binding is not a characteristic of all adhesion receptors. However, it has been suggested that a small percentage of radiolabeled P-selectin oligomers might have bound multivalently to the neutrophil surface, resulting in an overestimate of the actual affinity (16, 18, 29) . Furthermore, the equilibrium binding measurements did not provide information on binding kinetics.
In this study we used surface plasmon resonance to measure binding of perfused multimeric or monomeric forms of P-selectin to immobilized PSGL-1. The PSGL-1 for these studies was purified from human neutrophils to ensure that the mucin was post-translationally modified in a physiologically relevant cell type. Our results demonstrate that monomeric P-selectin binds to PSGL-1 with both fast association and dissociation rates, yet relatively high affinity. These data have important implications for how leukocytes tether to and roll on P-selectin under flow.
EXPERIMENTAL PROCEDURES
Antibodies and Proteins-The mAbs G1 and S12 against human P-selectin were prepared as described (30) . G1, but not S12, blocks binding of P-selectin to PSGL-1. The mAbs PL1 and PL2 against human PSGL-1 were prepared as described (25) . PL1, but not PL2, blocks binding of P-selectin to PSGL-1. HPC4, a Ca 2ϩ -dependent mAb that binds to a peptide derived from human protein C (31), was a gift from Drs. Charles and Naomi Esmon. These antibodies are all of the IgG 1 subclass and were used as purified IgG, except in certain experiments using Fab fragments of PL1 (25) . The IgM anti-sLe x mAb CSLEX-1 (32) was obtained from the ATCC. The anti-Le x mAb LeuM1 was obtained from Becton Dickinson. Human serum albumin (catalog number 521302) was purchased from Alpha Therapeutic Corp. PSGL-1 was purified from human neutrophils by P-selectin affinity chromatography (33) . Membrane-derived P-selectin (mP-selectin) was purified from human platelets (34) . Recombinant soluble P-selectin containing the entire extracellular region (sP-selectin, M r ϭ 110,000) and soluble Pselectin containing only the lectin and EGF domains (Lec-EGF, M r ϭ 28,000) were purified from conditioned medium of transfected 293 cells (28, 35) . The Lec-EGF cDNA was also inserted into the HindIII and XbaI sites of the expression plasmid pEE14.1, and the plasmid was transfected into CHO-K1 cells. Permanently transfected cells secreting Lec-EGF protein were selected in medium containing 25 M methionine sulfoximine and further subjected to 200 M methionine sulfoximine as described (36) . Lec-EGF was purified from conditioned medium of the highest expressing clone by HPC4 affinity chromatography (35) . sPselectin and Lec-EGF are monomeric as determined by both hydrodynamic analysis and electron microscopy (28, 35) . To ensure further that no oligomers were present, sP-selectin was chromatographed by size exclusion on a Superose 6 HR 10/30 column on a fast protein liquid chromatography system (Amersham Pharmacia Biotech). Peak fractions were identified by the MicroBCA assay (Pierce), stored at 4°C, and used within 48 h for binding experiments.
Surface Plasmon Resonance Studies-Surface plasmon resonance experiments were conducted at 25°C with a BIAcore TM biosensor that was upgraded to model 1000 specifications. All solutions were passed through a 0.2-m filter and degassed before injection into the instrument. The running buffer was 20 mM MOPS, pH 7.5, 150 mM NaCl, 1.5 mM CaCl 2 , 0.1% Brij-58 (Pierce), except for certain experiments where the CaCl 2 was replaced with 0.2 mM EDTA. PSGL-1 was covalently coupled to a research grade CM5 sensor chip (BIAcore) through its primary amino groups. Coupling was performed with the Amino Coupling Kit (BIAcore) according to the supplied instructions, except that PSGL-1 was first exchanged into 10 mM sodium acetate, pH 4.0, containing 0.01-0.05% Brij-58 (critical micellar concentration ϭ 0.0086%). Then PSGL-1 was injected across the chip at a flow rate of 2 l/min for 25 min, and unreacted sites were blocked with 200 mM Tris-HCl, pH 7.0. A control surface was prepared by injecting 200 milliunits/ml of Arthrobacter ureafaciens neuraminidase (Oxford Glycosystems) over immobilized PSGL-1 at a flow rate of 1 l/min for 12.5 h.
Analytes (P-selectin or mAbs) were perfused over the immobilized PSGL-1 ligand at a flow rate of 40 l/min unless otherwise specified. Bound P-selectin was removed by injection of 10 mM EDTA. Bound mAbs were removed by injection of 50 mM HCl. Repeated short pulses of HCl did not alter the binding capacity of PSGL-1 for P-selectin. Data on equilibrium binding were analyzed by nonlinear curve fitting of the Langmuir binding isotherm to the primary data and by linear regression analysis of Scatchard plots. Biosensor data were routinely collected at one point/s, except for the dissociation rate measurements where data were collected at 10 points/s.
RESULTS
Characterization of PSGL-1 and P-selectin Molecules-The interaction of native PSGL-1 with both native and recombinant forms of P-selectin was studied. PSGL-1, a homodimeric mucin, was purified from human neutrophil membranes by P-selectin affinity chromatography. The two subunits of each PSGL-1 molecule are linked by a disulfide bond near the transmembrane domain (Fig. 1A) . P-selectin binds to the N-terminal region of PSGL-1. PL1, a mAb to this region, blocks binding of PSGL-1 to P-selectin. PL2, a mAb that binds to an epitope within the decameric repeats of PSGL-1, does not block binding to P-selectin (25) .
Native membrane P-selectin (mP-selectin) was purified from human platelets (Fig. 1B) . In buffers containing 0.1% Brij-58, mP-selectin is primarily composed of dimers, with lesser
FIG. 1. PSGL-1 and P-selectin molecules.
A, schematic diagram of PSGL-1. Native PSGL-1 was purified from human neutrophils. SH indicates the location of a cysteine that forms a disulfide bond with the corresponding cysteine on another PSGL-1 molecule to create the PSGL-1 homodimer. The epitopes for the anti-PSGL-1 mAbs PL1 and PL2 are marked. PL1 blocks binding to P-selectin, whereas PL2 does not block binding. Not shown are the post-translationally added Oglycans, N-glycans, and tyrosine sulfates. B, schematic diagrams of native and recombinant P-selectin. mP-selectin contains an N-terminal C-type lectin domain, followed by an EGF-like domain, nine consensus repeats (CR), a transmembrane domain (TM), and a cytoplasmic domain (cyto). sP-selectin contains all of the extracellular domains. Lec-EGF contains only the lectin and EGF domains, plus a C-terminal extension that includes a factor Xa cleavage site and the epitope for the mAb HPC4. The epitopes for the anti-P-selectin mAbs G1 and S12 are shown. G1 blocks binding to PSGL-1, whereas S12 does not block binding. mP-selectin was purified from human platelets. sP-selectin and Lec-EGF were purified from conditioned medium from transfected 293 cells.
amounts of monomers and oligomers (28) . G1, a mAb that binds to the C-type lectin domain, blocks binding of P-selectin to PSGL-1. S12, a mAb that binds to the sixth consensus repeat, does not block binding to PSGL-1 (30) . Two recombinant soluble forms of P-selectin were expressed in human 293 cells (Fig.  1B) . sP-selectin contains the entire extracellular portion of the molecule (28), whereas Lec-EGF contains only the lectin and EGF domains, plus a short C-terminal sequence for a factor Xa cleavage site and an epitope for the Ca 2ϩ -dependent mAb HPC4 (35) .
Both sP-selectin and Lec-EGF are monomeric in aqueous buffers, as determined by hydrodynamic analysis and electron microscopy (28, 35) . To rule out further the presence of oligomers, sP-selectin was gel-filtered on a Superose 6 HR 10/30 column. The protein eluted as a single peak (data not shown). No earlier eluting peaks were observed, suggesting that the sP-selectin preparation lacks even a minor population of oligomers. To ensure further that sP-selectin was completely monomeric, binding experiments were performed using material from the peak fractions within 48 h after chromatography.
Immobilization of PSGL-1 and mAb Binding-PSGL-1 was covalently coupled to the sensor surface through its primary amines. In the experiment shown in Fig. 2 , 3424 resonance units (RU) were covalently bound. Because the RU coupled to the surface do not necessarily indicate the amount of appropriately oriented PSGL-1, we measured the availability of epitopes for the anti-PSGL-1 mAbs PL1 and PL2. At saturating concentrations, equivalent amounts of both IgG mAbs bound to immobilized PSGL-1. PL1 Fab fragments also bound saturably to PSGL-1, although they dissociated faster than did the bivalent PL1 IgG (Fig. 2) . On a molar basis, the ratio of PL1 Fab to PL1 IgG binding was Ϸ1.5:1, suggesting that some IgG molecules bound bivalently or that the smaller Fab fragments had better access to the epitope on each subunit of the PSGL-1 homodimer. The amount of IgG bound at saturation (Ϸ600 RU) is less than the 3424 RU of covalently bound PSGL-1, even accounting for the smaller apparent M r of IgG (150,000) relative to that of PSGL-1 (Ϸ240,000). The difference may be due to immobilized PSGL-1 molecules that are not suitably oriented for binding and/or to immobilized contaminating proteins. However, the data clearly indicate that mAbs bind to at least some immobilized PSGL-1 molecules. The ability of PL1 to bind is particularly important, because the epitope for this mAb overlaps the P-selectin-binding site (37) .
Specific Binding of mP-selectin to PSGL-1-mP-selectin was first perfused over the PSGL-1 surface, because mP-selectin is primarily dimeric in nonionic detergents and should therefore bind to PSGL-1 with higher avidity than monomeric forms of P-selectin. Injection of mP-selectin resulted in a biphasic binding response, followed by a relatively slow rate of dissociation (Fig. 3A) . Preincubation of mP-selectin with the blocking anti-P-selectin mAb G1 abrogated binding to PSGL-1. In contrast, preincubation with the nonblocking anti-P-selectin mAb S12 augmented the response, due to the larger mass of the mPselectin-S12 complex. Prebinding of PL1 to the PSGL-1 surface blocked binding of mP-selectin, whereas prebinding of PL2 did not block binding (Fig. 3B) . Injection of EDTA rapidly reversed the binding of mP-selectin, consistent with the known Ca 2ϩ dependence of selectin binding to PSGL-1 (data not shown). These data demonstrate that mP-selectin binds specifically to immobilized PSGL-1. Because mP-selectin is dimeric and oli-FIG. 2. Binding of mAbs to immobilized PSGL-1. PSGL-1 was immobilized to the sensor surface through its primary amino groups (3424 RU coupled to surface). mAbs were separately injected at saturating concentrations (10 g/ml for PL1, 80 g/ml for PL2, 40 g/ml for PL1 Fab, and 80 g/ml for the control nonbinding HPC4) at a flow rate of 5 l/min for 4 min. The horizontal bar indicates the period of infusion. Each bound mAb was removed from the sensor surface by injecting 50 mM HCl at 10 l/min for 1 min (not shown). The traces are an overlay of the sensorgrams, which show the association phase, steady-state binding, and the initial dissociation phase for each injection. Higher concentrations of antibodies did not further increase the equilibrium binding responses.
FIG. 3. Specificity of binding of mP-selectin to PSGL-1.
A, mPselectin, mP-selectin plus mAb G1, or mP-selectin plus mAb S12 (20 g/ml mP-selectin and 50 g/ml G1 or S12) were separately injected over the PSGL-1 surface (3568 RU coupled) at 30 l/min for 30 s. The horizontal bar indicates the period of infusion. Bound proteins were removed by injecting 10 mM EDTA for 30 s (not shown). The traces show an overlay of the three sensorgrams. The association, steady-state, and early dissociation phases are shown. B, using the co-injection command on the BIAcore, PL1 (20 g/ml) or PL2 (200 g/ml) was injected over the PSGL-1 surface at 30 l/min for 30 s, followed by mP-selectin (20 g/ml) at 30 l/min for 30 s. At the end of the second injection, bound proteins were removed by a 1-min injection of 50 mM HCl (not shown). The traces are an overlay of both double injections.
gomeric, it could not be reliably used to measure the affinity and kinetics of binding.
Specific Binding of sP-selectin to PSGL-1-Injection of sPselectin resulted in a rapid binding response, followed by rapid dissociation (Fig. 4A) . Preincubation of sP-selectin with mAb G1 blocked binding. In contrast, preincubation with mAb S12 increased the binding response, due to the larger mass of the sP-selectin-S12 complex and to an increase in binding avidity presumably caused by cross-linking of some sP-selectin molecules by the bivalent S12 IgG. Prebinding of PL1 to the PSGL-1 surface blocked binding of sP-selectin (Fig. 4B) . After prebinding of PL2, however, injection of increasing concentrations of sP-selectin caused progressive increases in the binding response. sP-selectin did not bind to immobilized PSGL-1 in the presence of EDTA (data not shown). These data demonstrate that sP-selectin also binds specifically to immobilized PSGL-1.
Because it is monomeric, sP-selectin dissociates much more rapidly from PSGL-1 than does mP-selectin.
P-selectin Does Not Bind to Sialidase-treated PSGL-1-Because the BIAcore detects binding as a change in refractive index, the rapid kinetics of binding of sP-selectin to immobilized PSGL-1 may be difficult to distinguish from bulk refractive changes, especially when high protein concentrations are injected. We therefore wished to conduct parallel injections of P-selectin on both a PSGL-1 surface and a control, nonbinding surface. In this manner, RU attributed to bulk refractive index on the control surface could be subtracted from the total RU measured on the PSGL-1 surface, yielding specific binding. Treatment of PSGL-1 with sialidase abrogates binding to Pselectin, consistent with the requirement for sLe x or related glycans as part of the binding site (26, 27) . We immobilized PSGL-1 on two flow cells at comparable densities and perfused sialidase over one of the flow cells to remove sialic acid moieties from PSGL-1. Sialidase treatment eliminated binding of CSLEX-1, a mAb to sLe
x , but increased binding of LeuM1, a mAb to the nonsialylated Le x structure (Fig. 5, A and B) . Sialidase treatment did not appreciably affect binding of PL1, which recognizes a protein epitope near the N terminus of PSGL-1 (Fig. 5C) . Thus, the sialidase perfusion effectively removed sialic acid from PSGL-1, but did not remove PSGL-1 itself from the sensor surface. mP-selectin bound to nontreated PSGL-1 but not to sialidase-treated PSGL-1 (Fig. 5D ). These data further document the specificity of binding of P-selectin to immobilized PSGL-1, by showing that binding requires sialylation of PSGL-1. They also demonstrate that sialidase-treated A, sPselectin, sP-selectin plus mAb G1, or sP-selectin plus mAb S12 (50 g/ml sP-selectin and 100 g/ml G1 or S12) were separately injected over the PSGL-1 surface (3658 RU coupled) at 30 l/min for 30 s. Bound proteins were removed by injecting 10 mM EDTA for 30 s (not shown). The traces are an overlay of the sensorgrams. B, in a single sensorgram, PL1 (20 g/ml) was first injected over the PSGL-1 surface (3424 RU coupled) at 5 l/min for 4 min. Then buffer or sP-selectin (at 8, 64, and 192 g/ml) was consecutively injected at 40 l/min for 30 s. After each of these four injections, the surface was regenerated by injecting 10 mM EDTA at the same flow rate for 30 s (not shown). Following the last sP-selectin injection, bound PL1 was removed by injecting 50 mM HCl for 30 s. Then PL2 (200 g/ml) was injected at 5 l/min for 4 min. Finally, an identical series of buffer and sP-selectin injections was performed, followed by regeneration of the surface with 50 mM HCl. The short horizontal bars indicate the injections of buffer or sP-selectin.
FIG. 5. Effect of sialidase treatment of PSGL-1 on binding of mAbs and P-selectin. PSGL-1 was covalently coupled to two different flow cells at equivalent densities (2500 RU).
Sialidase from A. ureafaciens (200 milliunits/ml) was perfused over one PSGL-1 surface at 1 l/min for 12.5 h. A and B, the anti-sLe x mAb CSLEX-1 or the anti-Le x mAb LeuM1 (each at 20 g/ml) was injected at 5 l/min for 4 min over both the sialidase-treated and the nonsialidase-treated PSGL-1 surface. C and D, the anti-PSGL-1 mAb PL1 (40 g/ml) or mP-selectin (40 g/ml) was injected at 40 l/min over both the sialidase-treated and the nonsialidase-treated PSGL-1 surface.
PSGL-1 is an ideal control surface for distinguishing bulk refractive index changes from specific binding of P-selectin to PSGL-1.
Affinity of Binding of sP-selectin and Lec-EGF to PSGL-1-
We measured the affinity of sP-selectin and Lec-EGF for PSGL-1 by injecting increasing concentrations of each protein over both nonsialidase-treated PSGL-1 and sialidase-treated PSGL-1. Although sP-selectin and Lec-EGF are monomeric by several criteria, there remained the possibility that small quantities of oligomers might develop prior to the assay. Because of mass action, low concentrations of oligomers would bind slowly relative to the major monomeric species. We therefore used a high flow rate (40 l/min) and a short injection time (15 s) to favor monomer binding. This short infusion provided sufficient data points, since equilibrium binding was reached within 2-3 s.
Injection of increasing concentrations of sP-selectin or Lec-EGF resulted in a rapid increase in refractive index on both PSGL-1 surfaces, followed by a rapid decrease to base line after the injection was completed (Fig. 6) . The RU measured on the nonsialidase-treated surface were always higher than on the sialidase-treated surface. Injection of equivalent concentrations of human serum albumin on either surface yielded RU values identical to those observed for sP-selectin or Lec-EGF on the sialidase-treated surface (Fig. 6) . Thus, the RU values on the sialidase-treated surface clearly reflected bulk refractive index changes rather than true binding to the surface. Subtraction of the value on the sialidase-treated surface from the value on the nonsialidase-treated surface yielded the specific binding of sP-selectin or Lec-EGF to PSGL-1.
The equilibrium affinity of binding to PSGL-1 was measured in two ways (Fig. 7) . In the first, the BIAevaluation software was used to plot the subtracted equilibrium response (R eq ) versus the concentration of sP-selectin or Lec-EGF. Nonlinear curve fitting was used to derive the dissociation constant (K d ). In the second, standard Scatchard analysis was used. Both methods yielded similar results and indicated that sP-selectin and Lec-EGF bound to a single class of sites on PSGL-1. The K d for sP-selectin was 320 Ϯ 20 nM, as determined in multiple experiments using different preparations of sP-selectin (Table  I ). The K d for Lec-EGF was similar (Table I) , although the results were slightly more variable because the smaller mass of Lec-EGF decreased the ratio of specific to nonspecific binding at higher input concentrations.
Kinetics of Binding of sP-selectin and Lec-EGF to PSGL-1-Direct determination of the association rate was not possible, because sP-selectin and Lec-EGF achieved equilibrium responses within 2-3 s. The dissociation rate, although rapid, was more amenable to measurement. For this purpose, the data collection rate on the BIAcore was set to the maximum 10 data points/s. To minimize the possibility of rebinding, saturating concentrations of sP-selectin or Lec-EGF were perfused FIG. 6 . Saturable binding of sP-selectin and Lec-EGF to PSGL-1. Increasing concentrations of sP-selectin, Lec-EGF, or human serum albumin were injected over a sialidase-treated PSGL-1 surface (A-C) or a nonsialidase-treated PSGL-1 surface (D-F) for 15 s at a flow rate of 40 l/min. Both surfaces contained 3400 RU of immobilized PSGL-1. sP-selectin was injected in a series of 2-fold dilutions at concentrations ranging from 3 to 320 g/ml (23-2900 nM). Lec-EGF was injected in a series of 2-fold dilutions at concentrations ranging from 2 to 127 g/ml (71-4550 nM). Albumin was injected in a series of 2-fold dilutions at concentrations ranging from 2 to 128 g/ml. Each injection of sP-selectin or Lec-EGF was followed by a 15-s injection of 10 mM EDTA (not shown). The equilibrium response on the sialidase-treated surface was considered to represent the bulk refractive index or nonspecific binding. This value was subtracted from the corresponding value on the nonsialidase-treated surface to yield specific binding at each concentration of sP-selectin or Lec-EGF. over the nonsialidase-treated and sialidase-treated PSGL-1 surfaces at the maximum flow rate of 100 l/min until binding reached equilibrium. Then the first 0.5 s of the dissociation phase was analyzed and plotted on an expanded scale. Following injection of sP-selectin or Lec-EGF, the response dropped rapidly on both surfaces (Fig. 8) . The nonspecific response on the sialidase-treated surface dropped particularly rapidly, but 0.2-0.3 s still elapsed before it dropped to base line, reflecting the time required for buffer to clear the protein solution from the flow cell. The dissociation phase for specific binding was determined by subtracting the response on the sialidasetreated surface from the response on the nonsialidase-treated surface at each time point. The specific responses were then plotted as a percentage of the initial response and fitted to a monoexponential decay function to derive the dissociation rate constant (k off ). For sP-selectin, the k off was determined to be 1.4 Ϯ 0.1 s Ϫ1 (n ϭ 6). Taking the experimentally determined K d and k off values, the association rate constant (k on ) was calculated to be 4.4 ϫ 10 6 M Ϫ1 s Ϫ1 (Table I) . The results were similar for Lec-EGF, although there was somewhat more variability in different experiments (Table I ). The association rate constant is exceptionally fast, allowing monomeric P-selectin to bind to PSGL-1 with significant affinity despite a rapid dissociation rate constant.
Stoichiometry of Binding of sP-selectin and Lec-EGF to PSGL-1-The amount of sP-selectin or Lec-EGF bound to PSGL-1 at saturation (determined by nonlinear curve fitting) was correlated with the amount of PL1 Fab bound at saturating concentrations (40 g/ml). On a molar basis, the ratio of PL1 Fab to sP-selectin was 1.8 Ϯ 0.1 (mean Ϯ S.D., n ϭ 4), and the ratio of PL1 Fab to Lec-EGF was 1.3 Ϯ 0.4 (mean Ϯ S.D., n ϭ 5). These data suggest that the amount of PL1 Fab bound to PSGL-1 is equivalent to or slightly higher than the amount of sP-selectin or Lec-EGF bound. DISCUSSION We employed surface plasmon resonance to measure the affinity and kinetics of binding of monomeric P-selectin to immobilized PSGL-1. The observed binding was highly specific, as documented by its Ca 2ϩ dependence, its inhibition by mAbs to P-selectin or to PSGL-1, and its abrogation by removing sialic acids from PSGL-1. Our experiments were conducted with PSGL-1 purified from human neutrophils, which adhere to P-selectin under physiologic conditions. Although recombinant forms of PSGL-1 clearly bind P-selectin, the extent to which their post-translational modifications resemble native PSGL-1 may depend on the cell type in which they are expressed and the specific glycosyltransferases that are co-expressed (19) . To date, recombinant PSGL-1 has been modified by co-expression of a single ␣1,3-fucosyltransferase in transfected cells (21-24, 38) . In contrast, leukocytes express two ␣1,3-fucosyltransferases, FTIV and FTVII, that may both contribute to optimal fucosylation of selectin ligands (39 -41) . All the PSGL-1 molecules studied here were modified sufficiently to bind to a P-selectin affinity column, one of the steps in the purification procedure. Leukocytes adhere to very low densities of P-selectin, suggesting that most, if not all, of these molecules are also functional (28) . If some P-selectin molecules were not active, the true affinity for PSGL-1 would be even higher than the measured value.
PSGL-1 was coupled to the biosensor surface in Brij-58 at concentrations above the critical micellar concentration, and it probably attached as randomly distributed disulfide-bonded homodimers. The low density of PSGL-1, as measured by mAb binding, and the high flow rates minimized the possibility that P-selectin would rebind to the surface after it dissociated. mPselectin in 0.1% Brij-58 bound at relatively low concentrations to PSGL-1, with nonuniform association and dissociation rates. These features are consistent with multivalent binding. At the detergent concentration used, mP-selectin consists mostly of dimers, with some monomers and oligomers present. When detergent is present below the critical micellar concentration, mP-selectin forms larger oligomers and binds with even higher avidity (28) .
sP-selectin and Lec-EGF were previously shown to be monomers even at high protein concentrations (28, 35) , and sPselectin was also gel-purified to eliminate any small fraction of oligomers. The use of high flow rates and short perfusion times further minimized the possibility that trace oligomers could bind and the uniform association and dissociation curves support monomeric binding. Thus, the measured K d of Ϸ300 nM represents the true binding affinity of sP-selectin and Lec-EGF to PSGL-1 and is not an artifact due to high avidity binding of a minor population of oligomers. Previously, 125 I-labeled sPselectin was found to bind to PSGL-1 on human neutrophils with an apparent K d of Ϸ70 nM (28) . It is possible that a small population of radiolabeled sP-selectin dimers contributed to the slightly higher affinity determined in the earlier study (28) . We found that sP-selectin and Lec-EGF bound similarly to PSGL-1. Thus, the nine consensus repeats of P-selectin do not contribute measurably to binding affinity, in agreement with previous competitive binding assays (35) .
The affinity of monomeric P-selectin for PSGL-1 is much higher than the apparent affinities of P-selectin for sulfated or nonsulfated forms of the simple tetrasaccharide sLe x ; the estimated K d values for binding to these structures range from Ϸ0.2 to Ϸ7.8 mM, depending on the assay (42) (43) (44) . Indeed, monomeric lectins of many classes bind weakly to small oligosaccharides, with affinities ranging from 0.1 to 10 mM (45, 46) . Stronger binding requires oligomerization of the lectin and the glycoconjugate ligand, sometimes in precise spatial arrays, to increase binding avidity (45) . Such oligomerization is not required for soluble P-selectin to bind to PSGL-1 with appreciable affinity. Both nonlinear curve fitting and Scatchard analysis indicated that sP-selectin and Lec-EGF bound to a single class of binding sites on PSGL-1. This suggests that any possible heterogeneity in post-translational modifications of PSGL-1 does not affect binding affinity. The structural basis for this interaction requires further study. P-selectin binds to the extreme N-terminal region of PSGL-1, which overlaps the epitope for the inhibitory PL1 mAb (37) . Binding requires sulfation of at least one of three clustered tyrosines and a core-2, sialylated and fucosylated O-glycan at a specific threonine (20 -24, 38, 47) . Whether P-selectin and PSGL-1 use direct protein-protein contacts to enhance binding remains unknown. The stoichiometry of binding of PL1 Fab relative to sP-selectin or Lec-EGF suggests that just one or two P-selectin monomers bind to each PSGL-1 dimer. No additional class of binding sites on PSGL-1 was detected when sP-selectin was perfused at concentrations as high as 90 M.
2 Thus, any other region of PSGL-1 must have much lower affinity for P-selectin.
sP-selectin dissociated rapidly from PSGL-1 with a k off of 1.4 Ϯ 0.1 s Ϫ1 . This value is slightly higher than the cellular k off of 0.95 Ϯ 0.17 s Ϫ1 derived from the estimated durations of unstressed, transient neutrophil tethers on very low densities of P-selectin (5). The first-order dissociation kinetics measured on the biosensor surface represent dissociation of individual sP-selectin molecules. However, the precision of the measurements is limited by the 0.2-0.3 s required to clear protein solutions from the biosensor at maximum flow rates and by the minimum 0.1-s intervals at which data can be collected by the BIAcore instrument. The measurement of tether lifetimes is more precise because the videotapes allow frame-by-frame analysis at intervals of 0.033 s. However, these measurements are made under shear conditions, and the unstressed cellular off rates are derived by extrapolation using a model of bond behavior. It is also difficult to exclude formally the possibility that a transient tether represents more than one bond. Thus, the limitations of both the biochemical and cellular experiments preclude definitive resolution as to whether a cellular k off represents the dissociation rate of single bonds.
The k on for sP-selectin calculated from the experimentally determined k off and K d is 4.4 ϫ 10 6 M Ϫ1 s Ϫ1 . This value is much higher than the association rate constants for most proteinprotein interactions (48) and is required to maintain high affinity binding when the dissociation rate is also fast. It should be noted that cellular association rates reflect both the association rate constants of interacting molecules and their surface densities. Leukocytes express relatively low levels of PSGL-1 (25), but they can tether to and roll on low densities of Pselectin (5). The very fast k on of the P-selectin-PSGL-1 interaction may obviate the need for high densities of either molecule to support initial tethering or smooth rolling. The cell-surface presentations of PSGL-1 and P-selectin also optimize adhesive interactions under flow (49). These features include the concentration of PSGL-1 on microvillous tips (25) , the extended lengths of both PSGL-1 and P-selectin (28, 37) , and the clustering of P-selectin in clathrin-coated pits (50) .
The affinity and kinetics of binding of P-selectin to PSGL-1 are much different from those for binding of L-selectin to the mucin GlyCAM-1, which were also measured using surface plasmon resonance (16) . Monomeric L-selectin binds to immobilized GlyCAM-1 with low affinity (K d ϭ 108 M). The k off ϭ 10 s Ϫ1 is even faster than the k off ϭ 1.4 s Ϫ1 for the P-selectin-PSGL-1 interaction. The calculated k on ϭ 10 5 M Ϫ1 s Ϫ1 , although rapid, may be slower than the calculated k on ϭ 4.4 ϫ 10 6 M Ϫ1 s Ϫ1 for the P-selectin-PSGL-1 interaction. The major capping groups on the O-glycans of GlyCAM-1 are 6Ј-sulfo-sLe x and 6-sulfo-sLe x (12) (13) (14) . The affinity of monomeric L-selectin for GlyCAM-1 is only slightly greater than the IC 50 values (250 -800 M) for monomeric 6Ј-sulfo-sLe x or 6-sulfo-sLe x to inhibit binding of L-selectin Ig chimeras to immobilized oligosaccharide ligands (42-44, 51, 52) . These data suggest that monomeric L-selectin binds with equivalent low affinity to intact GlyCAM-1 or to one of its capping groups. To compensate for this low affinity, L-selectin on cell surfaces may bind multivalently to multiple O-glycans on GlyCAM-1. Consistent with this notion, perfused GlyCAM-1 binds to L-selectin immobilized on a biosensor surface with significantly higher avidity (16) . It was originally proposed that selectins achieve fast association rates by presenting oligosaccharide ligands on mucins at high densities (53) . This mechanism may very well operate for GlyCAM-1 and perhaps for other mucins that act as selectin ligands. However, it does not explain the very fast association of monomeric P-selectin with a single binding site on PSGL-1.
It will be informative to measure the affinity and kinetics of binding of L-and E-selectin to PSGL-1 and to compare the affinity and kinetics of selectin binding to other glycoprotein ligands. It is possible that selectins will bind with different affinities and kinetics to different glycoproteins. Whether any given interaction participates in cell adhesion under flow will be further dictated by the surface densities, topographies, and presentations of both the selectin and the glycoprotein ligand. Here we have shown that one selectin binds to a physiologically relevant mucin with rapid kinetics, yet relatively high affinity. Thus, not all molecules rely on low affinity interactions to mediate reversible cell adhesion. Furthermore, rapid binding kinetics are necessary, but not sufficient, to support rolling cell adhesion (5, 54).
